ABSTRACT: We report on low-temperature scanning tunneling microscopy and spectroscopy measurements on NC-Ph 3 -CN molecules adsorbed at 300 K on a Cu(111) surface. Upon cooling, the molecules form chain and honeycomb structures, incorporating Cu adatoms supplied by the substrate as metal linkers. In these assemblies, the molecules align along two main directions, with a relative abundance that depends on the coordination number and on the bond length. We show spectroscopic data about the unoccupied molecular orbitals and investigate the patterns obtained by depositing different amounts of molecules. Comparison of these results with the ones obtained for NC-Ph 5 -CN molecules on the same substrate enables us to establish a hierarchy of the different interaction forces at work in the system.
■ INTRODUCTION
Supramolecular chemistry at surfaces is a topic of widespread interest because low-dimensional architectures with specific functionalities can be created. 1−4 A detailed understanding of the mechanism underlying the self-assembly of the various organic and metal−organic networks is important to realize the desired morphology, chemical composition, and eventually functionality. In this respect, regular porous networks are especially promising: They act as templates for the positioning of molecules or metal atoms and clusters onto well-defined sites within the cavities 5−8 as well as on the ligand molecules. 9 Moreover, depending on the metal atoms used for the coordination nodes, regular arrays of transition-metal 10, 11 or rare earth atoms 12 can be created. Molecular adsorption and assembly are controlled by several competing interactions. 13−16 For the case of metal−organic porous networks, there are the van der Waals forces between the organic molecules and the surface and the corrugation of this potential energy surface upon translation and rotation of the molecules. A second ingredient is the potential energy surface felt by the metal coordination atoms, that is, their preferred adsorption sites and their diffusion barriers. Finally, there are the bond angle, distance, and coordination number of the metal−organic coordination bond.
To shed light on the hierarchy of these energies, we report here on the self-assembly of NC-Ph 3 -CN molecules on Cu(111). When deposited on the substrate kept at room temperature, upon cooling NC-Ph 3 -CN molecules form chain and honeycomb structures and the molecules align with orientations that deviate from the crystallographic high symmetry directions of the surface. The comparison with the motifs formed by NC-Ph 5 -CN molecules on the same substrate 17 enables us to estimate which interaction dominates in each case, depending on the number of phenyl rings in the system. To complement the characterization of the observed metal−organic structures, we report spectroscopic data for the molecular orbitals. Moreover, the dependence of the obtained structures on the molecular coverage is discussed.
■ EXPERIMENTAL METHODS
The Cu(111) surface was prepared by Ar + sputtering (2 μA/ cm 2 , 800 eV, 20 min) and annealing (800 K, 20 min) cycles. NC-Ph 3 -CN molecules 11 were evaporated from a molecular effusion cell at 145°C on the substrate kept at room temperature (RT). The sample was then cooled to the scanning tunneling microscope (STM) measurement temperature of 5 K. 18 The tunneling parameters are given in the Figure captions, and the modulation amplitudes for the spectroscopy measurements are peak-to-peak values.
We define one monolayer (ML) of molecules as the densest structure formed by NC-Ph 3 -CN molecules on Cu(111), that is, the purely organic chevron pattern that is shown in the Supporting Information. One ML corresponds to one molecule per 19 substrate atoms or 0.81 molecules/nm 2 . The molecular coverage is determined by counting the molecules on many representative STM images; the deposition conditions are identical for all of the samples shown. For all samples except the ones in Figure 6 , the coverage is 0.30 ± 0.03 ML.
■ RESULTS AND DISCUSSION
For RT deposition and after cooling the sample to low temperature, 17 we observe the coexistence of two metal− organic structures: an arrangement of 1D chains and a honeycomb network. Chains. A large-scale image showing the molecules arranged in parallel equidistant chains is displayed in Figure 1a . Two of the three rotational domains are visible, and the lower left corner shows a small domain of the honeycomb network that will be discussed in the following section. Closer inspection reveals that the chains are not perfectly straight. The close-up view of Figure 1b shows that the chains are aligned along the second nearest neighbor directions of the substrate, ⟨112̅ ⟩; however, the molecules themselves deviate from this direction, as evidenced by the histogram of orientation angles of the molecular axes with respect to ⟨112̅ ⟩, which shows two peaks at +4 and −4°. We label these directions 1 and 1̅ , respectively. The wavy appearance of the resulting chains, also visible in the overview image, can thus be attributed to the alternance of 1 and 1̅ molecules. Figure 1c illustrates the epitaxy of the molecules for the relevant orientations of the molecular axis. The first ingredient to the total binding energy of the metal−organic structures is the registry of the molecule with the substrate. This part clearly favors alignment along ⟨112̅ ⟩ because the distance between consecutive phenyl rings is, with 4.41 Å, 11 very close to the one between two Cu atoms in the ⟨112̅ ⟩ directions, 4.43 Å. 19 Hence this orientation allows all phenyl rings to occupy equivalent sites. Because benzene rings prefer to occupy the 3-fold hollow sites we assume that the phenyl rings do so, too. 20, 21 An additional argument for this adsorption geometry is that half the hydrogen atoms of the molecule can be located on their preferred fcc adsorption sites. 22, 23 Finally, in this configuration also the N atoms are on hollow sites, which were reported to be favorable on Ag(111). 24 The second part of the total energy comes from the positions of Cu adatoms and their bond distance and angle to the terminal carbonitrile groups. Individual Cu adatoms clearly favor fcc sites. DFT finds that the hcp sites are as unstable as the bridge sites, 25 which would favor the fcc site by the diffusion barrier that amounts to 40 ± 1 meV for that system; 26 in agreement, experiment observes exclusive occupation of fcc sites. 27 The bond between a metal atom and the carbonitrile group is strongly directional along the CN axis. 28 As illustrated in Figure 1c , the closest directions to ⟨112̅ ⟩ allowing the molecule to have the two Cu adatoms in line with the molecular axis are the ones observed in the chains. They are labeled 1 and 1̅ and deviate form the high symmetric direction by ±4°. This shows that for the molecules with three phenyl rings the directionality of the metal coordination bond and the registry of the metal atoms with the substrate dominate over the registry of the organic molecule. For five phenyl rings this balance is reversed, favoring alignment of the molecular axis. 17 The other possible orientations allowing a straight node at each end form angles of 11, 18, and 25°with the second nearest neighbors directions (directions 2, 3, and 4, respectively) and are observed in the honeycomb network.
In Figure 1d we show a close-up view of the chains accompanied by the proposed model. Although Cu coordination adatoms are not imaged we infer their presence by comparison with the networks formed by NC-Ph 5 -CN on the same substrate 17 and from the fact that the measured CN-Cu bond length of 1.4 ± 0.1 Å is on the same order of the reported values of 1.6 to 1.9 Å. 11, 17, 29, 30 The model presented along with the image shows the alternating orientations of the molecular axes deviating by ±4°from the ⟨112̅ ⟩ directions. Cu adatoms are represented with red dots and are found at every node. Minute amounts of shorter molecules are present as contaminants in the NC-Ph 3 -CN powder. One such molecule, with two phenyl rings, is observed in the upper right corner of Figure 1d .
For the given molecular coverage of 0.30 ML, about half of the surface is covered with equidistant chains that are spaced by 2.08 ± 0.07 nm. The regular spacing of the chains hints toward the presence of a lateral repulsion between the molecules, as demonstrated by the fact that at lower coverages the chains are further apart from each other but still equidistant; see Figure  6b . The origin of this repulsive interaction could be a charge transfer to or from the substrate, 31 while a surface-state mediated interaction can be excluded owing to the monotonic coverage dependence of the interchain distance. The rest of the surface is covered by the honeycomb network, which we will discuss now.
Honeycomb. We observe two types of honeycomb networks that coexist with the chains. The first is very regular and is shown in Figure 2 , while the second involves more Figure 2b . These images were obtained with a CO-functionalized tip 32 and clearly reveal the three phenyl rings of each molecule and the coordination adatoms. Each of the rotational domains involves molecules in directions 2 and 2̅ , rotated by + or −11°from the ⟨112̅ ⟩ directions, respectively. Figure 2c shows our model of one domain together with a high-resolution STM image. The unit cell for this network is The irregular honeycomb network, presented in Figure 3a , involves in addition to the orientation 2 (70%) also the orientation 1 (30%) and very few orientations 3 and 4 as defects, as seen from the histogram in Figure 3b . Also in this case, two rotational domains are formed that are again symmetric with respect to the second nearest-neighbor directions of the substrate. The four molecular orientations differ not only by their alignment with respect to the substrate but also by the length of the CN-Cu bond. Assuming that the linker length does not change upon adsorption of NC-Ph 3 -CN onto the Cu(111) surface, we find a growing surface projected bond length with increasing deviation from the second nearestneighbor directions, with values of 1.4 ± 0.1, 1.6 ± 0.1, 1.9 ± 0.1, and 2.3 ± 0.1 Å for the directions 1, 2, 3, and 4, respectively. The first three values are comparable to the bond length found for the same linkers with Co coordination adatoms on Ag(111) (1.6 11 −1.8 Å 30 ), for bipyridyl molecules coordinated by Cu atoms on Cu(100) (1.9 Å), 29 and for NCPh 5 -CN molecules coordinated by Cu atoms on Cu(111) (1.9 Å). 17 The last orientation implies an energetically less favorable very long distance between Cu and NC. We suggest that this difference in bond length has the major contribution to the total energy of the respective molecular orientations. To rationalize the fact that in the chains the favored orientation results in a shorter bond length compared with the one mostly found in the honeycomb, we observe that there is a clear trend linking a decreasing coordination number at the nodes and a shorter bond length. Reported values include 2.4 Å for NC-Ph 3 -CN 5-fold coordinated to Ce adatoms on Ag(111), 12 2.15 Å for TCNQ 4-fold coordinated to Mn atoms on Cu(100), 33 1.9 Å for NC-Ph n -CN 3-fold coordinated to Co atoms on Ag(111), 34 and the same value for NC-Ph 5 -CN 3-fold coordinated to Cu atoms on Cu(111). 7 A model for the irregular honeycomb pattern together with a high-resolution STM image measured with a D 2 -terminated tip 35, 36 is shown in Figure 3d , with those molecules aligned along direction 1 represented in bold. The Journal of Physical Chemistry C Article Upon closer inspection, the STM images reveal that NC-Ph 3 -CN molecules have a slightly curved appearance. This effect is detected in STM images recorded with unfuctionalized tips; however, it is particularly prominent in images measured with a D 2 -functionalized tip, as seen in Figure 3c ,d. There is a direct relationship between the molecule orientation and its apparent curvature: Figure 3c reveals that molecules lying in directions 1 and 2, for example the ones in the two circles, have different apparent curvatures. Dicarbonitrile-polyphenyl molecules are known to exhibit an alternating tilt of consecutive phenyl rings, even when they are adsorbed at surfaces. 37 In the case of NCPh 3 -CN, the central ring has a tilt angle with respect to the plane of the other two rings, and its value can change depending on the interaction with the underlying substrate, as was already reported for sexiphenyl molecules on Ag(111). 38 Thus, we ascribe the different apparent curvatures of the molecules aligned in directions 1 and 2 to a different tilt of the central phenyl ring. We note, moreover, that while for molecules in direction 2 the arc shape is observed for 93% of the ligands, molecules in direction 1 have a curved appearance in only 46% of the cases, and the curvature is less evident, indicating that in this case the tilt of the central phenyl ring is less pronounced or sometimes even absent. Notice that the relative tilt of phenyl rings was already identified as the cause for the zigzag appearance of dicarbonitrile-polyphenyl molecules.
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Spectroscopy. Scanning tunneling spectroscopy (STS) was used to probe the unoccupied orbitals of molecules, both in the chains and in the honeycomb structure. The differential conductance spectra (dI/dV) acquired on different locations over a molecule in a chain are shown in Figure 4a . Each spectrum is the average of several spectra measured on equivalent locations of different molecules. The lowest unoccupied molecular orbital (LUMO) is extended over the whole molecule and has its maximum intensity on the central part of the ligand, slightly off-center (green line), and is situated at an energy of 1.45 eV. The LUMO+1, on the contrary, is localized at the molecular ends and at an energy of 2.30 eV (blue line). The LUMO+2 lies at an energy higher than the experimental limit of 3 eV, imposed by damage of the network at the corresponding voltages. In Figure 4c differential conductance maps at 1.45 and 2.31 V are shown along with the corresponding topographic (constant current) STM image. The presence of a shorter molecule, with only two phenyl rings, is particularly evident in the map representing the LUMO+1, where it appears dark. Surprisingly, these orbitals have a lateral extension far larger than the width of the molecule. (One molecular backbone is sketched for comparison.) In addition, in most molecules, the LUMO shows a higher intensity on one side. This effect is also seen in the honeycomb networks and will be discussed in detail further later. The extension of the LUMO over the whole molecular length and the localization of the LUMO+1 at molecular ends agree with a qualitative description of the electronic structure, considering the molecule as a linear chain of three benzene rings. 39 Figure 4b compares spectra acquired on the center of two molecules with the two most abundant orientations 1 and 1̅ , respectively. There is no appreciable difference in the position and intensity of the LUMO, as expected for these two symmetrically equivalent orientations.
The spectra acquired over the molecules in the honeycomb network are presented in Figure 5a . As in the chains, the LUMO is located at the center of the molecule and has its highest intensity on one side of the molecular axis. The LUMO +1 is also recognized; however, its maximum is just beyond the scanned voltage range. As illustrated in Figure 5b , molecules The Journal of Physical Chemistry C Article oriented along direction 1 show the LUMO at 1.45 eV, consistent with the result obtained for ligands in the chains, while the LUMO of molecules lying in direction 2 is shifted upward, to 1.60 eV. Differential conductance maps recorded on a small area of the network are presented in Figure 5c along with the corresponding STM image. The first map is recorded at 1.65 V, thus close to the energy of the LUMO of molecules with orientation 2. Accordingly, these molecules appear bright while those with orientation 1 appear dark. In addition, one clearly sees that the LUMO of the molecules with orientation 2 has the highest intensity on one side. The second map, at 2.32 V, shows that the LUMO+1 is located on the ends of the molecule. It merges at the meeting point of three ligands, where it forms triangular-shaped bright features. Figure 5d shows a large scale dI/dV map recorded at 1.23 V, together with the topographic image. At this energy the spectra of molecules with orientation 1 are more intense than the ones of molecules with orientation 2, and thus the former can be easily identified from their bright color. This map reveals that, for geometrical reasons, the presence of one molecule in direction 1 tends to generate a row of ligands in that same direction.
We now address the question why the LUMO has its maximum intensity on one side of the molecule and why this is the case for many but not all of the ligands; see Figures 4c and 5c. The LUMO asymmetry with respect to the molecular axis is observed for 73% of the molecules, while for the remaining 27% the intensity of the orbital is highest at the center of the ligand and decreases symmetrically moving away from it to either side. For technical reasons, we cannot make a one-to-one correlation on a given molecule because spectra are measured with a tip that is optimized for spectroscopy and not for highresolution imaging, making it difficult to resolve the curvature of the molecules. The fraction of molecules displaying the LUMO asymmetry is close to the fraction of molecules that appear bent in STM images, that is, 80%. Thus, we conclude that the tilt of the central phenyl ring that gives rise to the bent appearance is very likely also the cause of the LUMO asymmetry. The tilt angle depends on the position of the molecule with respect to the substrate. Large tilt angles cause an apparent curved shape and an asymmetry in the distribution of the LUMO due to the fact that the central ring is closer to the substrate on one side of the molecule.
Coverage Dependence. To get more insight into the competing interactions that decide on the metal−organic motifs, we performed measurements at molecular coverages below and above the one of 0.30 ML discussed so far. At 0.10 ± 0.01 ML the surface is entirely covered by an irregular network, Figure 6a . We can assimilate this pattern to widely spaced chains that frequently bend and meet to form 3-fold nodes. By increasing the coverage to 0.24 ± 0.03 ML, this pattern becomes denser, forming cavities that are smaller, approaching the dimension of the honeycomb cavities, Figure 6b . Domains of parallel chains coexist with this structure. Their separation is, with 2.47 ± 0.06 nm, larger than the one between the chains coexisting with the honeycomb structure at 0.30 ML. Finally, if the coverage is raised above 0.30 ML, namely, 0.40 ± 0.03 ML, a very dense pattern is obtained, with four-, five-, and six-fold nodes, Figure 6c . This network stems from the need of accommodating a higher number of molecules than in the honeycomb assembly. It is formed by introducing additional molecules in the honeycomb pattern and is strongly irregular. It is probably stabilized by a mixture of both metal-coordinated nodes and hydrogen bonds.
■ DISCUSSION
To elucidate the mechanisms underlying the self-assembly of linear polyphenyl molecules on Cu(111) we compare the results presented above with the ones reported for NC-Ph 5 -CN molecules on the same substrate.
17 Both NC-Ph 3 -CN and NCPh 5 -CN have an almost perfect epitaxial match when they are oriented along the ⟨112̅ ⟩ directions of the Cu(111) surface. Both molecules, upon deposition on the substrate kept at room temperature, form coexisting honeycomb and chain structures; however, the molecular alignment is different: While NC-Ph 3 -CN adsorbs with the orientations previously described, NCPh 5 -CN aligns along the ⟨112̅ ⟩ directions. We explain the origin of these different orientations in terms of competition between the interaction with the substrate, favoring the alignment along the second nearest-neighbor directions, and the one with the adatoms, favoring a configuration with both atoms right in front of the molecular ends and at a favorable distance. The longer molecule, with its 5 phenyl rings and 20 H atoms, has its most stable configuration when it optimizes the adsorption geometry with respect to the substrate, while the shorter molecule favors the straight bond at both ends. For these shorter molecules the alignment along the ⟨112̅ ⟩ directions is never observed upon deposition at RT. On the contrary, upon deposition on the substrate kept at a lower temperature, the reduced availability of Cu coordination adatoms leads to the formation of patterns with half of the nodes metal-coordinated and half purely organic and assemblies with all nodes purely organic. In these structures, where there is an adatom only at one end of the molecule or no adatoms at all, the adsorption energy and the bond configuration can be optimized at the same time and NCPh 3 -CN are oriented along ⟨112̅ ⟩.
As a consequence of the different orientations of the molecules, the structures formed by the two ligands have some features in common but that have different origins. For example, both molecules form chains with a wavy appearance; however, the reason behind the waviness is not the same for the two ligands. In the case of NC-Ph 3 -CN it is a consequence of the alternance of molecules with different orientations, while for the longer molecules it originates from the fact that the Cu The Journal of Physical Chemistry C Article coordination adatom is straight in front of the molecule at one end and laterally displaced at the other. 17 As for the honeycomb network, in both cases two domains are formed, but for NCPh 3 -CN they are rotational domains, while for NC-Ph 5 -CN they are chiral domains, originating from the chiral nature of the nonaligned nodes. 17 It has been reported that linear molecules differing only by the number of their constituent units can form structures with different stabilities and geometric properties depending on their commensurability with the substrate. 29 In our case, however, the long and the short molecules have the same almost perfect epitaxial coincidence with the surface. The differences in the patterns they form on the substrate have their origin in the different interactions that prevail in the two cases.
Finally, we compare the observed motifs with the metal− organic networks formed by the same two molecules on a Ag(111) surface. 11, 30 In that case, Co adatoms were codeposited with the molecules to provide coordination centers. A honeycomb network is obtained for both ligands. NC-Ph 3 -CN molecules form distinct domains with the molecules aligned along the first or second nearest neighbors directions, respectively, while the orientation of NC-Ph 5 -CN is not discussed. Coordination two is not observed. In the case of Ag(111) the registry between molecules and substrate is not matching as with Cu(111), and the Co atoms can occupy both the fcc and hcp sites. 34 This explains the different molecular orientations observed on this substrate compared with the ones we reported in this paper.
■ CONCLUSIONS
In conclusion, NC-Ph 3 -CN molecules deposited on Cu(111) at RT form upon cooling chain and honeycomb structures that coexist. Unlike the NC-Ph5-CN molecules, which align along the second nearest neighbor directions of the substrate, the molecules with three phenyl rings are oriented along two main directions deviating from the high symmetry ones and having a relative probability that depends on the resulting bond length between CN end group and Cu coordination atom. We explain the different behavior of the two molecules through the interplay between the gain in energy obtained by forming a straight CN-Cu bond with the right length and the one given by having the phenyl rings and hydrogen and nitrogen atoms placed on favorable adsorption sites on the surface. In the case of NC-Ph 3 -CN the directionality of the metal coordination bond and the registry of the metal atoms with the substrate dominate over the registry of the molecule, while for NC-Ph 5 -CN this balance is inverted. We also investigate the properties of the LUMO and LUMO+1 for the two networks, demonstrating that the different molecular orientations influence the energy of these orbitals. Moreover, the central phenyl ring of the molecules has a tilt that depends on the molecular orientation, giving rise to distinctive appearances of molecules and to an asymmetry in the spatial distribution of the LUMO across them. As a last point, we showed the networks that are obtained upon changing the molecular coverage. 
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